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Improved Over-the-air Phased Array Calibration
Based on Measured Complex Array Signals
Fengchun Zhang, Wei Fan, Zhengpeng Wang, Yusheng Zhang, and Gert F. Pedersen
Abstract—This letter presents an improved phased array
calibration method based on measured complex array signals
with one single probe. All the phased array elements are excited
simultaneously in the measurement and only phase reverse of
each element is required. The error on the 1st antenna element of
the reference method is analysed, which shows it is accumulated
as the array size increases. One more measurement with designed
element phase settings is introduced to overcome the deficiency.
The improved method shows only N + 1 measurements are
required to calibrate N antenna elements accurately. Finally,
a 4 × 8 antenna array composed of 4-ridged horn antennas
operating at 3.5 GHz was measured to validate the effectiveness
of the improved algorithm.
Index Terms—Phased array calibration, complex signal mea-
surement, over-the-air testing
I. INTRODUCTION
Phased array, which consists of excitation-controllable an-
tenna elements, has attracted great attention for decades in
military [1]. With the development of mobile communication
technologies, phased array antennas will be applied to 5G. The
array radiation pattern can be controlled via setting complex
weights to the antenna elements, e.g. to form a beam in a
desired direction to overcome the unfavourable propagation
loss, or to form a null in an interference signal direction to
suppress unwanted signals. Fast and accurate calibration of
radio frequency (RF) branches in phased array is essential
both in massive production line and actual working condition.
Integrating internal calibration circuits is one way to calibrate
the RF branches [2], [3]. However, the over-the-air (OTA) test
is an efficient way to calibrate the overall system [3]–[8].
The objective of phased array calibration is to obtain the
relative complex electric fields (both amplitude and phase) of
the individual antenna elements and to compensate for the
discrepancies among antenna elements. Many measurement
techniques have been proposed in the literature and can be
grouped in different ways, e.g. complex signal [4] or amplitude
only measurements [6], single-element or multi-element probe
calibration, near-field or far field region calibration, see a
summary in [5], [8]. Fast and accurate OTA calibration method
is essential for 5G phased array antenna development.
In [4], a multi-element phased array calibration method by
solving linear equations was proposed. The proposed tech-
nique is highly attractive, since it offers the minimum number
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of measurements in the literature. Furthermore, it works with
the probe antenna placed either in the near-field or far-field
region and offers no restriction due to bit-number of digital
phased shifters. As explained in [4], the accuracy, complexity
and hardware requirements of the method depends on the
phase settings, which are determined by the coefficient matrix
of the linear equations. A recursive matrix-forming method
was proposed in [4].
In this paper, we first review the reference calibration
method presented in [4], and then mathematically demonstrate
that an accumulated error exists on the 1st antenna element
with the reference method. After that, a solution to tackle
the problem is discussed and experimentally validated in an
anechoic chamber. Our proposed solution is essentially an
extension and improvement of the reference method.
II. THEORY
A. Signal model
The device under test (DUT) composed of N elements as
the transmit (Tx) antenna and a single probe as the receive
(Rx) antenna are discussed. As detailed in [4], the signal model
of the phased array calibration system can be written as:
AX = B (1)
A =
 e
jϕ1(1) · · · ejϕN (1)
...
. . .
...
ejϕ1(M) · · · ejϕN (M)

X =
[
a1S1 · · · aNSN
]T
B =
[
b(1) · · · b(M)
]T
where A = {ejϕn(m)}M×N is the coefficient matrix with
ϕn(m) denoting the phase shift of the nth Tx antenna during
the mth measurement for n ∈ [1, N ] and m ∈ [1,M ]. M
is the number of measurements (with M ≥ N ). The specific
phase shift is typically implemented with digital phase shifters.
The vector X = {xn} = {anSn}N×1 can be obtained via
solving linear equations (1), with an and Sn denoting the
initial excitation of the nth Tx antenna element and scattering
parameter from the nth Tx antenna element to the receive (Rx)
antenna, respectively. The vector B = {b(m)}M×1 contains
the complex array signals measured at the Rx antenna port
during M measurements. As explained in [4], the objective
of phased array calibration is to obtain the relative initial
excitations of the antenna elements, i.e. an for n ∈ [1, N ].
To achieve this goal, we need to know the relative scattering
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parameters Sn/So, n ∈ [1, N ] with So a reference complex
value. It is typically pre-measured and stored for array calibra-
tion purpose. Alternatively, the relative scattering parameter
Sn/So can be calculated based on Tx/Rx complex antenna
radiation patterns and geometry of the measurement setup.
The key point of the array calibration method is the selection
of the matrix A. According to the matrix theory, the accuracy
of solving linear equations (1), in the presence of noise and
quantization errors, depends on the condition number of matrix
A, κ(A). The matrices A with small condition numbers are
desirable, since they do not magnify errors, either those due to
noise in the measured data, or those introduced by quantization
errors of phase shifters. A smaller condition number, therefore,
would render more accurate and robust solution. To ensure a
small condition number, a recursive matrix-forming method
was proposed in [4], where A can be generated based on basic
matrices, i.e. three matrices with very small condition numbers
and the Hadamard matrices. In [4], it was demonstrated that
the proposed coefficient matrix A offers low measurement
redundancy, small number of measurements (i.e. minimum M )
and it is applicable for antenna array calibration of any size.
B. Problem statement
In this section, we intend to demonstrate the deficiency of
coefficient matrix reported in [4]. For simplicity, we assume
that we have a four-element phased array. The coefficient
matrix A for a four-element array can be written as [4],
A =

1 1 1 1
1 −1 1 −1
1 1 −1 −1
1 −1 −1 1
 (2)
With A given in (2), X = {xn} in (1) can be directly solved:
x1
x2
x3
x4
 =

(b(1) + b(2) + b(3) + b(4))/4
(b(1)− b(2) + b(3)− b(4))/4
(b(1) + b(2)− b(3)− b(4))/4
(b(1)− b(2)− b(3) + b(4))/4
 (3)
The coefficient matrix A in (2) can be realized via setting
phase states to 0o (for 1s in A) and 180o (for -1s in A).
However, due to the non-idealities in practical setups, there
exist both amplitude and phase errors for each phase shifter
at various phase states. Without loss of generality, the errors
introduced by the digital phase shifters can be denoted by
a set of complex values, i.e., η0n and η
π
n for the phase shift
applied to the n-th DUT antenna at phase state of 0o and
180o, respectively. The implemented coefficient matrix Ã is:
Ã =

1 + η01 1 + η
0
2 1 + η
0
3 1 + η
0
4
1 + η01 −(1 + ηπ2 ) 1 + η03 −(1 + ηπ4 )
1 + η01 1 + η
0
2 −(1 + ηπ3 ) −(1 + ηπ4 )
1 + η01 −(1 + ηπ2 ) −(1 + ηπ3 ) 1 + η04

(4)
Substituting (4) in (1), we have
ÃX = B̃ (5)
where B̃ =
[
b̃(1) · · · b̃(M)
]T
is the observed complex
signal at the Rx side during the M measurements. Calculating
B̃ from (5) and replacing the resultant b̃(m) for m ∈ [1,M ]
into (3), we have

x̂1
x̂2
x̂3
x̂4
 =

x1 + η
0
1x1 +
∑4
i=2
η0i−η
π
i
2 xi
x2 +
η02+η
π
2
2 x2
x3 +
η03+η
π
3
2 x3
x4 +
η04+η
π
4
2 x4
 (6)
As shown in (6), the errors introduced by all RF branches
would accumulate on the 1st antenna element, leading to a bias
in estimation on the first antenna element. The error range of
the reference method is determined by the scale of the DUT
array and the errors introduced by the digital phase shifters
of the RF branches. For the other antenna elements, the array
calibration accuracy will only be affected by the errors in the
corresponding RF chain, not by the errors present in other RF
chains.
C. Proposed Algorithm
As discussed, the errors would accumulate on the 1st
antenna element when coefficient matrix A in (2) is imple-
mented. To solve this issue, an improved algorithm is intro-
duced in this section. With the proposed algorithm, we reduce
the accumulated error at the 1st element to the error level
at other antenna elements by adding only one measurement in
principle. For the new extra measurement, the excitation vector
of the N element phased array can be designed as below. The
excitation coefficient of the 1st antenna element is set to -1
(i.e. with phase state set to 180o), while the phase settings for
the other elements can be 1 or -1 as long as the number of 1s
equals to the number of -1s. For example, for a four-element
phased array, the excitation vector can be A1 = [−1,−1, 1, 1],
A1 = [−1, 1,−1, 1] or A1 = [−1, 1, 1,−1].
Taking A1 = [−1,−1, 1, 1] as an example, we have A1X =
b1. x1 can be solved as
x1 = −b1 − x2 + x3 + x4 (7)
As discussed, implementation of A1 suffers from errors
in practice. The actual coefficient vector is Ã1 = [−(1 +
ηπ1 ),−(1+ηπ2 ), 1+η03 , 1+η04 ] and the observed complex signal
is b̃1 = Ã1X , i.e.,
−(1+ηπ1 )x1−(1+ηπ2 )x2+(1+η03)x3+(1+η04)x4 = b̃1 (8)
The estimate of x1 can be obtained based on (7) by
replacing b1 with b̃1 in (8) and substituting x2, x3 and x4
with their estimates in (6), respectively. That is,
x̂
′
1 = x1 + η
π
1 x1 −
4∑
i=2
η0i − ηπi
2
xi (9)
Taking the average of the two estimates of x1 obtained in
(6) and in (9), we can obtain the final estimate of x1, x̂1, as
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x̂1 =
x̂1 + x̂
′
1
2
= x1 +
η01 + η
π
1
2
x1 (10)
As shown in (10), by adding only one measurement with the
designed excitation vector A1, the accumulated error at the 1st
element has been effectively reduced to the same error level
as other elements. The proposed algorithm will not affect (i.e.
neither improve or deteriorate) the array calibration accuracy
of the other array elements. Note that other excitation vectors
A1 which fulfill the requirement (e.g. A1 = [−1, 1,−1, 1] or
A1 = [−1, 1, 1,−1]) would render the same estimate of x1
in (9) and therefore same final estimate of x1 as in (10). To
summarize, the proposed calibration algorithm can solve the
inaccurate calibration problem of the first antenna element in
the reference method by adding only one measurement with
properly designed element phase settings.
III. MEASUREMENT VALIDATION
A. Experimental Setup
To experimentally validate the proposed array calibration
algorithm, a measurement campaign was performed in an ane-
choic chamber. The experimental system, as illustrated in Fig.
1, consists of 1) a vector network analyzer (VNA) 2) a 32 ports
magnitude and phase control network which includes a power
splitting circuit, 32 digital phase shifters and a programmable
attenuator matrix connected to the Tx antennas 3) transmitting
wideband dual polarized 4 ridged horn antennas 4) an axial
grooved corrugated horn Rx antenna. The Tx/Rx antennas
offer low coupling and low scattering properties, and it covers
a wide frequency band ranging from 2.4 GHz to 6 GHz. The
Tx antenna element has a compact antenna aperture of 72 mm
and a short length of 105 mm, as illustrated in Fig. 2. A 16
× 16 uniform rectangular array (URA) is constructed at the
Tx side with element spacing of 108 mm. The Rx antenna
was placed in the boresight direction of the Tx array with a
distance of 5.85 m, as shown in Fig. 3. Digital phase shifters
with 8 bits are employed, implying a phase step resolution
of 360o/28 = 1.4o. Programmable attenuators with 60 dB
dynamic range and 1 dB tuning resolution are employed as
well. According to the digital phase shifter specification, a
random amplitude uncertainty within [−0.5, 0.5] dB and a
random phase uncertainty within [-5o, 5o] might be expected
for each phase state. In the measurement, the sinusoidal signal
at 3.5GHz generated by the VNA is fed into the power
splitter, weighted by the complex weights realized by the
digital phase shifters and programmable attenuator, and then
radiated by the Tx antenna elements. The array complex signal
received at the Rx antenna is then recorded at the VNA.
Note that mutual coupling effect is essential for phased array
calibration [9], [10], especially for microstrip antenna arrays.
In our measurement setup, the coupling between rigded horn
array elements with a separation of 108 mm at 3.5 GHz is
below −30 dB, indicating a negligible mutual coupling effect.
Further, array elements in the center of the 16× 16 array are
utilized to reduce the edge effects, as shown in Fig. 2.
Network Analyzer
Rx Antenna
Tx Antenna 
Element Magnitude and Phase 
Control Network
Figure 1. Schematic of the experimental system.
Rx Antenna
Tx Antenna 
Array
Tx antenna array
Figure 2. CST simulation model of the Tx antenna element (top) and a photo
of the Tx antenna array (below).
B. Algorithm Validation Measurement
To evaluate the complexity and accuracy of the proposed
algorithm compared to the reference algorithm, a measurement
campaign was performed with a 4×8 (i.e. 4 rows × 8 columns)
URA. We first measured and stored the scattering parameters
Sn between the Rx antenna and the n-th Tx antenna element
for n ∈ [1, N ]. At the Tx array side we enabled one Tx antenna
(via setting 0 dB attenuation in the attenuator) with digital
Rx Antenna
Tx Antenna 
Array
Rx Antenna
Tx Antenna 
Array
Network 
Analyzer
Figure 3. A photo of the measurement setup in the anechoic chamber.
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phase shifter set to 0o, and disabled all the other Tx antennas
(via setting 60 dB attenuation in the associated attenuators).
Then we repeated this “on/off” procedure for all the N Tx
antenna elements.
To evaluate the robustness of the array calibration algorithm,
two measurement campaigns were conducted. In the first
campaign, the room temperature was not controlled, implying
possibly larger toggling errors for the digital phase shifters. In
the second campaign, the room temperature was maintained
stable during measurement. In the first campaign, a deviation
up to 0.6 dB in power and 7.5o in phase can be observed when
phase states were set to 0o in different repeated measurements,
while for the second campaign, the deviation is negligible, with
power deviation up to 0.1 dB and phase deviation up to 0.1o.
For each measurement campaign, we measured the complex
array signal at the Rx side when different excitation vectors in
coefficient matrix were implemented. Two types of coefficient
matrix A were implemented in the digital phase shifters in
the measurements, the coefficient matrix reported in [4], and
improved coefficient matrix discussed in Section II. C (i.e.
coefficient matrix A and an extra measurement with designed
excitation vector). In total, we carried out 33 measurements,
where 32 measurements are for the reference method, and
and 33 measurements for the proposed method. Note that for
demonstration purpose, we intentionally set 5 dB attenuation
in the 24th RF chain and 0 dB attenuation in the other RF
chains. Further, we set 45o in the digital phase shifter in the
3rd RF branch and 00 in the other RF branches on purpose.
C. Measurement results
The achieved array calibration results adopting the pro-
posed method and reference method for the first and second
measurement campaigns are shown in Fig. 4 and Fig. 5,
respectively. Both algorithms are effective in detecting the
initial excitation in the array, as shown in Fig. 4 and Fig. 5.
The 5dB attenuation in the 24th RF chain and 0 dB attenuation
in other RF chains can be clearly observed for both algorithms.
Besides, the 45o phase shift in the 3rd RF chain and 0o phase
shift in the other RF chains are detected. Compared with the
reference method, the proposed method can effectively remove
the accumulated error in the first antenna element, as shown in
both measurements. For the first campaign, a power deviation
is reduced from 0.8 dB to -0.3 dB, and a phase deviation is
decreased from −4o to 0o with the proposed algorithm for
the first element. While for the second campaign, a power
deviation from 1.1 dB to 0 dB, and a phase deviation from
−4o to 0o are achieved for the first element. Note that the
array calibration accuracy for the other elements are the same
for both algorithms, as expected.
With the improved calibration method, an amplitude error
range of 1.5 dB and a phase error range of 5o are achieved
for the first measurement campaign for all array elements
with no temperature control, while an amplitude error range
of 1 dB and phase error range of 40 can be achieved for
the second measurement with dedicated temperature control.
The measurement results indicate that the both methods are
effective and robust and the proposed method can effectively
improve the calibration accuracy of the first array element.
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Figure 4. Array calibration results using the proposed method and reference
method for the first campaign.
5 10 15 20 25 30
Antenna index
-4
-2
0
2
P
ow
er
 [d
B
]
Power
5 10 15 20 25 30
Antenna index
0
10
20
30
40
50
P
ha
se
 [d
eg
]
Phase
Proposed method
Reference method
Figure 5. Array calibration results using the proposed method and reference
method for the second campaign.
IV. CONCLUSION
In the paper, an improved array calibration method was
proposed. The complex transmission coefficients of the mea-
surement system are measured when the array antenna ele-
ments are set with designed phase settings. The number of
transmission coefficient measurements is limited to N + 1,
with N the number of phased array antenna elements. The
main contribution of the paper lies in the improvement of
the reference method. Compared to the coefficient matrix in
the reference method, the proposed coefficient matrix can
effectively remove the accumulated error at the first antenna
element via adding one more measurement with designed
phase state settings in principle. The proposed method is
theoretically analyzed and its effectiveness is experimentally
validated.
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